TonB-dependent receptors (TBDRs) allow Gram-negative bacteria to uptake scarce resources from competitive environments with very high affinity. Early reports on TBDRs focused on the uptake of siderophore-iron complexes but recent studies have showed that the spectrum of ligands includes sugars, vitamins, heme, and other non-ferrous cations. To investigate the possible roles of TBDRs in nitrogen-fixing, nodulating bacteria, a bioinformatics approach was adopted to identify their presence in the genome of 13 selected rhizobacteria. The number of TBDR-like genes ranged from 1 (Mesorhizobium loti MAFF303099) to 14 (Azorhizobium caulinodans ORS 571 and Methylobacterium nodulans ORS 2060). These TBDRs can be largely grouped into two clusters, the 'heme' cluster and the 'ironsiderophores' cluster. The only exceptions are a putative nickel-specific TBDR (bll6948) in Bradyrhizobium japonicum USDA110 and two putative sugar-specific TBDRs in B. japonicum USDA110 and A. caulinodans ORS571 genomes, respectively. No TBDR-like sequences lie in the 'Vitamin B12' or 'Non-Fe cations' clusters. A model of the biological roles of TBDRs in free-living and symbiotic states is proposed for B. japonicum.
Introduction
Most microbes must compete for scarce resources to survive. Gram-negative bacteria possess two layers of membranes, the outer membrane (OM) and the cytoplasmic membrane (CM), through which resources must pass through both membranes to reach the cytoplasm. The OM contains various types of porin, which allow the passive transport of small molecules (Mw<600 Da) across the OM, down their concentration gradients. For larger molecules, or for the movement of molecules against the concentration gradients, active transport must take place. TonB-dependent receptors (TBDRs) are transport proteins found at the OM of Gram-negative bacteria to serve this purpose. As their name suggests, TBDRs make use of the energy supplied by the TonB-ExbBExbD complex in the CM (6) . This complex couples the proton motive force across the CM to supply energy for the active transport of TBDR's ligands across the OM, which is not energized (5) .
TBDRs were first characterized as importers of Fe 3+ -siderophore complexes (18) . Later, some TBDRs were shown to be responsible for the import of non-Fe compounds (44) , such as vitamin B12 (20) , sugars (4, 11, 30) , and non-Fe cations (43, 52) . Compared to porins, which allow the passive transport of molecules, TBDRs exhibit high affinity to their ligands: the Kd of SuxA for sucrose is 330 nM (4) while that of FepA for ferric enterobactin is 24 nM (35) . The high affinity allows the bacteria to pick up limited resources from the environment, which are present at very low concentrations. Once translocated to the periplasm, the ligands must cross the CM to reach the cytoplasm. This step is mediated by at least two superfamilies of transporters, the ABC transporters (12) and the major facilitator superfamily (MFS) (41) , which require energy from ATP and electrochemical gradients, respectively.
Broad ligand specificity of TBDRs
The ligands of TBDRs are not restricted to Fe 3+ -siderophores. An extensive search of the PubMed database uncovered 41 representative TBDRs with known ligands (Table 1) . The ligand-specificity of most of these TBDRs was supported by experimental data but the TBDRs for phytate and thiamin were only postulations, based on their co-localization with phytase genes (26) , or with genes homologous to PnuC, a N-ribosylnicotinamide transporter (40) , in operons. Recent experimental data showed that the suxA gene of Xanthomonas campestris pv. campestris (4) and the malA gene (30) and the nagA gene of Caulobacter crescentus (11) encode high-affinity transporters of sucrose, maltodextrins and chitin, respectively. Furthermore, out of the 72 TBDRlike loci in the genome of X. campestris pv. campestris, only a fraction are induced by arabinose, polygalacturonic acid, xylose or xylan (4). Nonferrous cations, including nickel (43) , copper (52) and possibly cobalt ions (40) , are also ligands of TBDRs. Therefore, the TBDR family provides Gram-negative bacteria with high-affinity machinery for acquiring various scarce resources in an energy-dependent manner.
Distribution of TBDRs in nodulating, nitrogen-fixing bacteria
The distribution of TBDRs in nodulating, nitrogen-fixing bacteria, could be identified by bioinformatic approaches. Similar approaches have been employed to study the distribution and diversity of phytate-mineralizing bacteria (26) and its major findings were later confirmed by experimental data (21) . The protein sequences of the 41 representative TBDRs in Table 1 were used as probes to BLAST (blastp) for TBDR-like sequences in nitrogen-fixing bacteria in the NCBI microbial genome database. An expected value threshold (E value) of 0.0001 over the entire sequence was employed to screen out unrelated sequences. Positive hits with expected value thresholds (E value) at <E −10 were retrieved and analyzed. The number of TBDR-like genes in the 13 selected bacteria ranges from 1 (Mesorhizobium loti MAFF303099) to 14 (Azorhizobium caulinodans ORS 571 and Methylobacterium nodulans ORS 2060) ( Table 2) . These 69 newly found TBDR-like sequences were plotted in a phylogenetic tree with the 41 representative TBDR sequences using the MEGA 4.1 program (25) , with the robustness of the tree evaluated by 1,000 bootstrap repetitions (Fig. 1) . The genes flanking the TBDR-like sequences were identified by analyzing the NCBI and the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases and the genomic context of the genes surrounding these TBDR loci is presented in Tables S1 to S13. Based on their sequence relatedness to experimentally defined TBDRs ( Fig. 1 ) and genomic context (Table S1-S13), a possible ligand of each TBDR-like sequence, is suggested in Table 2 . Fourteen TBDR-like sequences from M. nodulans were excluded from Table 2 because they do not share sequence relatedness to experimentally defined TBDRs and their genome context (Table  S13 ) gives no suggestions as to possible ligands.
As indicated by the phylogenetic tree ( Fig. 1) , almost none of the 69 newly found TBDR-like sequences lie in the 'Sugars', 'Vitamin B12', or 'Non-Fe cations' clusters. The only exception is bll6948, which has closest similarity (53-66% amino acid sequence identity) to two putative nickel transporters (pHCG3 081 and RPA4757). In the genome, bll6948 is located between hupC, encoding a Ni-Fe hydrogenase subunit, and hupN, encoding a putative high-affinity nickel transport protein (Table S2 ) and its product is therefore likely to function as a nickel transporter. The presence of a nickel transporter at this hup locus seems reasonable because nickel is located in the active center of the Ni-Fe hydrogenase. This enzyme is required for recoupling the hydrogen produced during N2 fixation to ATP generation, thus rendering the N2 fixation process more energy efficient (31) . In a microarray study (9) , the mRNA expression of bll6948 was upregulated by 2.2-fold in bacteroids (Table 3) , consistent with its putative function. The rest of the TBDRs can be divided into two clusters, a 'heme' cluster and a 'iron-siderophores' cluster (Fig. 1) . Six strains of Rhizobium sp. were investigated (Table S5-S10). Except strain NGR234, which carries two copies of TBDR in the chromosomes, all of the other Rhizobium sp. strains carry a single chromosomal copy of TBDR, and 1 to 2 TBDR sequences on plasmids. These single copy chromosomal TBDR sequences exhibit high homology to heme/ hemoglobin/lactoferrin/transferin TBDR receptors (Fig. 1) and are therefore likely to be involved in the uptake of heme/hemin/leghemoglobin. The genomic context of these chromosomal TBDRs in various Rhizobium sp. is similar, implying that they are conserved and could be essential to the bacteria. The other TBDR-like sequences in Rhizobium sp. are mostly carried by plasmids and are likely involved in the uptake of Fe 3+ -siderophores as they are usually located next to genes for siderophore uptake or synthesis, or to ferric ion reductase gene. There are 4 TBDR genes in the Sinorhizobium medicae WSM419 genome, three of which (Smed2140, Smed2192 and Smed2296) have homologues (SMc01611, SMc01657 and SMc02726) in the genome of Sinorhizobium meliloti 1021. Strain 1021 carries seven TBDR sequences, with two (Sma1741 and Sma2414) located on a plasmid (pSymA). These two TBDRs share homology to a TBDR (pRL100325) on a Rhizobium leguminosarum bv. viciae 3841 plasmid and the Escherichia. coli lutA (43% amino acid sequence identity, for Fe-aerobactin uptake).
A. caulinodans ORS571 and B. japonicum USDA110 carry 14 and 11 TBDR sequences in their genomes, respectively. Besides putative TBDRs for the uptake of heme and Fe 3+ -siderophores, both strains carry TBDR sequences which might be used to import sugar (AZC1256 and bll2460) ( Table  2) . AZC1256 is adjacent to a gene for a putative sugar transport protein (AZC1255) and bll2460 is located in close proximity to the gene for a hypothetical protein with a beta-galactosidase domain (bll2463). bll2460 expression was more strongly induced in bacteroids than in free-living conditions, as shown by two independent microarray studies (9, 36) . Plants are the sole carbon and energy source for Table 1 .
bacteriods, and large amounts of sugars are required by B. japonicum for its robust N2-fixing activity. The exact substrate specificity of bll2460 warrants further investigation. Finally, among the 13 nitrogen-fixing nodulating bacteria, only M. loti carries a single TBDR gene, possibly for heme uptake.
Involvement of TBDRs in the iron uptake mechanism of rhizobacteria
Nodulating rhizobacteria need to obtain iron in two totally different habitats, free-living or in nodules. Some rhizobacteria synthesize siderophores, for example, S. meliloti 1021 produces rhizobactin (27) and R. leguminosarum produces vicibatin (47) . Besides ferric-siderophores, ferric citrate (16) and heme (10, 51) could also be taken up by rhizobacteria as sources of irons. Our studies showed that most of the 55 TBDR sequences retrieved from the 12 rhizobacterial genomes (except M. nodulans) could be divided into two clusters, which are likely to be involved in the uptake of Fe 3+ -siderophores and heme/hemin/hemoproteins, respectively.
Based on the literature and the above findings, a model of the physiological roles of the TBDRs of B. japonicum USDA 110 in iron uptake and symbiosis is proposed (Fig. 2) . Among the 11 putative TBDRs in the genome, there are five Irr-inducible TBDRs (46), a heme-specific TBDR (HumR encoded by bll7076) (32) and a putative nickel-specific TBDR (43) ( Table 3 ). In plants, iron mainly forms a complex with citrate in the xylem and with nicotianamine in the phloem (8) . While no TBDR for Fe-nicotianamine has been identified in Gram-negative bacteria, a TBDR (FecA) for Fe 3+ -citrate has been experimentally verified in E. coli. None of the 69 putative TBDRs identified in this study share adequate homology with FecA (Fig. 1) . However, ferric citrate was shown to be an iron source for B. japonicum (16) . Whether one or more of the uncharacterized TBDRs (Table  3) is a novel ferric-citrate transporter is a subject for further study. Under iron deficiency (e.g., in free-living conditions), Irr, a transcriptional regulator, is expressed, which subsequently turns on the transcription of the five putative Fe 3+ -siderophore TBDRs (46) and suppresses protoporphyrin synthesis (17) . The multiple putative TBDRs for Fe 3+ -siderophores may allow B. japonicum to obtain scarce iron from the environment during free-living conditions, and the suppression of protoporphyrin synthesis by Irr is sensible under free-living conditions. In nodules, which should have an adequate supply of iron from the host, the expression of Fe 3+ -siderophore TBDRs should be downregulated: It was shown that a supply of iron led to the binding and inactivation of Irr by ferrochelatase (FEH) (38) , and a supply of heme led to Irr's degradation (37) . The availability of iron thus degrades Irr, and in turns could de-repress the heme synthesis pathway and downregulate the Fe 3+ -siderophoresspecific TBDRs (Fig. 2) . This is indeed supported by the experimental data. In a microarray study that compared the expression of genes in bacteroids vs free-living conditions in the B. japonicum USDA110 genome, all five siderophorespecific TBDRs (46) and the heme-specific TBDR (HumR encoded by bll7076) (32) were downregulated in bacteroids (36) (Table 3 ). In addition, microarray studies on A. caulinodans ORS571 (49) also showed that both putative heme-specific TBDRs and six out of eight putative siderophore-specific TBDRs were downregulated in bacteroids ( Table 4 ), suggesting that these TBDRs are more active in free-living conditions.
Are TonB-dependent receptors essential for symbiosis?
Heme is also a possible iron source for rhizobacteria. A heme-specific TBDR seems to be universal in N2-fixing nodulating rhizobacteria (Fig. 1) . Like B. japonicum, R. leguminosarum (51) and S. meliloti (10) carry individual TBDR systems for the uptake of Fe 3+ -siderophores and heme. In M. loti MAFF303099, the only TBDR sequence is a putative heme/hemoprotein-specific TBDR, implying that the TBDR for Fe 3+ -siderophores is not essential in this bacteria. The synthesis of heme involves multiple steps (19) and both rhizobacteria and plants have this ability (29, 42) . In plants, a large amount of heme is required for functional a Transcriptomic analyses were carried out on free-living cells growing in PSY medium (OD 0.4-0.5) and on 21-day-old bacteroids. Genes that are differentially expressed fulfilled a Student's t test with a P-value<0.01. b Transcriptomic analyses were carried out on free-living cells growing in rich medium (OD 0.4-0.6) and on 28-day-old bacteroids. The cut-off threshold was 2.0-fold with q value less than 5%. c Irr-inducible TBDRs. d N.S.: Not significant.
leghemoglobin during nodule symbiosis. The fixation of nitrogen by nodulating rhizobacteria is a process with high energy demands. While the oxidization of carbon sources from the host plant supplies energy for the nitrogen fixation process, the nitrogenase is denatured by high oxygen levels (15) . One way to stabilize the oxygen level in a suitable range in the nodules is to express a large amount (up to 30% of nodular proteins) of leghemeglobin (2), a hemecontaining, oxygen-binding protein (33) . Overexpression of leghemoglobin was shown to enhance the symbiotic nitrogen fixing activity between M. loti and Lotus japonicus (45) . B. japonicum can also synthesize heme (13) and export the heme to periplasm by the cycVWX complex for cytochrome c biogenesis (14, 39) . It has been concluded that the heme of leghemeglobin was mainly derived from plants during nodulation (34, 42) . It is unlikely that leghemoglobin is a source of heme or Fe 3+ for B. japonicum during symbiosis. First, under the electronic microscope, leghemoglobin is located in the plant cytosol and seldom seen in the peribacteroid space in nodules (50) . Second, the heme-specific TBDR (HmuR) in B. japonicum does not play an essential role during symbiosis. Interruption of hmuR abolished heme uptake but had no effect on symbiosis, indicating that exogenous heme is not an important source of iron during symbiosis. Instead, the ability to synthesize a functional heme by B. japonicum was shown to be crucial for symbiosis. The last step in the production of a functional heme is the incorporation of a Fe 2+ ion into protoporphyrin IX by FEH. A deletion mutant of the FEH of B. japonicum unaffected in the uptake of FeCl3/heme was not able to generate a functional heme (13) . Compared with the wildtype strain, this mutant only produced poorly developed nodules which did not express the leghemoglobin heme, or the apoprotein, and did not fix nitrogen (13) . Hence, a functional HmuR and other TBDRs cannot compensate for the effects of FEH mutation. Since the expression of hmuR is induced by a low iron status, it is likely to be responsible for using heme as an iron source under free-living conditions, for example, in decaying plant cells (Fig. 2) .
Is TBDR essential for symbiosis? As mentioned, most heme-specific and siderophore-specific TBDRs are downregulated during symbiosis (Tables 3, 4) . The disruption of components (TBDR, TonB, ABC transporter) of the TBDR system in general did not affect N2 fixation and nodule formation (1, 47, 51) . The only example of a TBDR that is indispensable for N 2 fixation is a ferrichrome-specific TBDR (fegA) from B. japonicum 61A152 (3). An insertion mutant of fegA was able to grow on exogenous ferric citrate, hemin, or leghemoglobin and produce nodules, but could not induce heme and leghemoglobin syntheses, or fix nitrogen, in nodules (3). Hence, the phenotype is not due to a lack of iron or heme transport, but to another function of fegA. A subclass of TBDR was reported to mediate trans-envelope signal transduction, upon binding to its ligand (24) . This subclass of TBDR carries an N-terminal extension on the polypeptide, which indirectly activates an extracytoplasmic function (ECF)-subfamily sigma factor in the cytosol, through its binding to a trans-CM anti-sigma factor (24) . The TBDR encoded by bll4920 shares 85% amino acid sequence identity with fegA. While a previous bioinformatics study did not find any TBDRs with an N-terminal (transducer) extension from B. japonicum USDA 110 (24) , it is still possible that the fegA gene and bll4920 are responsible for signaling, but further investigation is needed.
Concluding remarks and perspectives
A bioinformatics approach was employed to identify the presence of TBDRs in the genomes of 13 rhizobacteria. All these rhizobacteria carried a putative heme-specific TBDR and most carried multiple copies of putative siderophorespecific TBDRs in their genomes. In contrast, no putative TBDRs for thiamine or phytate were identified. This is reasonable because phytate is not a source of phosphorus in the habitats of rhizobacteria (26) , and rhizobacteria have the ability to synthesize thiamine (28, 36, 49) . The heme-specific and siderophore-specific TBDRs in rhizobacteria are likely to be responsible for the uptake of heme and iron under free-living conditions, rather than during symbiosis, as their expression is downregulated in bacteroids.
Iron is an essential element for all living organisms, including plants and rhizobacteria. It serves as a cofactor in many important metabolic processes including electron transfer, energy transduction and nucleotide biosynthesis. While iron is abundant in the earth's crust, Fe 3+ ions are extremely insoluble and precipitated in soil. It is therefore necessary for plants and bacteria to develop efficient mechanisms for Fe uptake. Many bacteria tackle this problem by synthesizing siderophores, low-molecular-weight molecules with a very high affinity for ferric ion, to generate soluble Fe 3+ -siderophore complexes. There is a wide range of siderophores available and the major classes include catecholates, hydroxamates and α-hydroxycarboxylates (7). These Fe 3+ -siderophore complexes are translocated by the corresponding TBDR on the OM of Gram-negative bacteria. The ferric ions are then reduced to ferrous ions and thus detached from the siderophores by a periplasmic or cytosolic ferric reductase, before or after its translocation through ABC transporters on the CM (12 (22) . In general, the siderophores are stronger Fe 3+ chelators than phytosiderophores and thus more powerful. A study of red clover showed that the plant did not grow well in sterile soil due to a lack of iron, and this was improved by adding rhizobacteria (23) . The inoculation of B. japonicum and R. leguminosarum bv. trifolii ACCC18002 into soybean (48) and clover (23) , respectively, enhanced the activity of ferric reductase at the rhizospheres. Hence, the solubilization of insoluble iron in soil via the iron-siderophore-TBDR mechanism of rhizobacteria may be an indirect but important path for plants to access soluble iron from the soil.
